Background: Regulation of TLR4-mediated signaling is critical for maintaining the immune response at an appropriate level. Results: CD14 is an endogenous ligand for CD33, and their binding inhibits uptake of LPS and TLR4-mediated signaling. Conclusion: CD14 controls TLR4-mediated signaling through the ligation with CD33. Significance: CD33 plays an essential role in regulation of TLR4-mediated signaling.
It is well established that immune cells, such as dendritic cells (DCs), 2 are activated by Toll-like receptors (TLRs), which are essential for host defense, because they initiate innate immunity (1, 2) . LPS is a constituent of the outer membrane of the cell wall of Gram-negative bacteria (3) . The LPS receptor is a multiple complex comprising at least three proteins, CD14, TLR4, and MD-2. CD14 is a glycosylphosphatidylinositol-anchored glycoprotein expressed on leukocytes (3) . It is agreed that CD14 plays a role in effective presentation of LPS to TLR4 (4, 5) . Ligation of LPS with TLR4 promotes the NF-B-mediated production of proinflammatory cytokines. The LPS-NF-B pathway is one of the key mediators of TLR-induced signal transduction (6) . Because LPS is a potential immune activator and may be fatal, the response to LPS must be tightly regulated to maintain the immune response at an appropriate level (7, 8) .
Many immune cells express a group of immunoglobulin family receptors that negatively regulate immune cell activation. Signaling through activation receptors is modulated by these inhibitory receptors. One of the candidates is the siglecs, a sialic acid-binding Ig (I)-like lectin family. Siglecs are characterized by an N-terminal V-set Ig-like domain that mediates sialic acid binding, followed by varying numbers of a C2-set Ig-like domain (9) . Most siglecs are expressed on immune cells and possess the immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic tails, which is involved in regulation of cellular activation within the immune system (10) . There have been several reports showing that siglecs play a role in regulation of TLR4-driven cytokine production. Siglec-9 downmodulates the production of proinflammatory cytokines in mouse Raw and human THP-1 cells stimulated with LPS (11) . We also demonstrated that anti-Siglec-9 antibody treatment reduced the production of IL-12 in human monocyte-derived dendritic cells (12) . Anti-Siglec-E antibody treatment reduced the production of TNF-␣ and IL-6 in murine bone marrowderived macrophages in response to LPS stimulation (13) . CD33 (Siglec-3) is a type I glycoprotein with two Ig-like extracellular domains (14, 15) . It is the smallest member of the siglec family and is known to recognize both ␣2-3 and ␣2-6-linked sialic acids (16, 17) . Generally, siglecs are physiologically masked by cell-expressed sialic acids via cis interaction, and siglecs are often relevant to regulation of the function of cis ligands. It is important to identify an endogenous cis ligand for siglecs and investigate whether or not the interaction with the cis ligand is related with the immune regulation. In the present study, we found that TLR4-mediated signaling is down-regulated by anti-CD33 mAb, suggesting that CD33 may be involved in the regulation of TLR4-mediated signaling. Using chemical cross-linking and Duolink techniques, it was demonstrated that CD14 is an endogenous cis ligand for CD33 and that this interaction of CD14 with CD33 regulates the presentation of LPS from CD14 to TLR4. Eventually, CD33 down-modulates the LPS-NF-B pathway, which is a novel mechanism that regulates TLR4-mediated signaling.
EXPERIMENTAL PROCEDURES
Cells and Materials-HEK293T cells, a human embryonic kidney cell line, transfected with TLR4, CD14, and MD-2 cDNAs (TLR cells), were obtained from InvivoGen, and cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 4.5 g/ml D-glucose, 100 units/ml penicillin, and 100 g/ml streptomycin. LPS, zymosan A, and flagellin derived from Escherichia coli serotype 0111:B4, Saccharomyces cerevisiae, and Salmonella typhimurium, respectively, were purchased from Sigma-Aldrich. Pam3CSK4 was from IMGENEX. The cross-linking reagents, bis(sulfosuccinimidyl)suberate (BS 3 ) and 3,3Ј-dithiobis-(sulfosuccinimidylpropionate) (DTSSP), and EZ-Link Sulfo-NHS-Biotin were purchased from Thermo Fisher Scientific. Anti-CD33 mAb was prepared by using recombinant soluble CD33 as an antigen. Recombinant human GM-CSF, IL-4, and CD14 were obtained from PeproTech Inc. Recombinant human CD33-Fc chimera and neuraminidase (Arthrobacter ureafacienes) were purchased from R&D Systems Inc. and Nacalai Tesque Inc., respectively. Rabbit anti-TLR4 Ab were purchased from Santa Cruz Biotechnology, Inc. Rabbit anti-CD14 Ab and mouse anti-CD14 mAb were purchased from Abgent Inc. and EXBIO, respectively.
Generation of TLR Cells Expressing Wild-type, Mutated, and Deleted CD33-Full-length CD33 cDNA (GenBank TM ; accession number NM_001772) was generated from total RNA prepared from a human lymphoma cell line, U937 cells, by RT-PCR using the following pair of primers, 5Ј-GCT TCC TCA GAC ATG CCG C-3Ј and 5Ј-CCA AGA ATC AGC CTT TGG TC-3Ј. The full-length CD33 cDNA was cloned into the pUC18 vector and amplified by PCR using the above primers. The amplified cDNA was introduced into the pCMV14 vector (Sigma-Aldrich). Mutated CD33 with Ala instead of Arg at residue 119 was generated using a site-directed mutagenesis kit (Stratagene) (18) . cDNA coding ITIM-deleted CD33 was prepared by digestion of the CD33 construct with EcoNI, which cleaves the site just before the ITIM-coding region. TLR cells were transfected with pCMV14-CD33, R119A mutated, and ITIM-deleted CD33 cDNA constructs by using FuGENE 6 transfection reagent (Roche Applied Science), and stable transfectants named TLR/CD33WT, TLR/CD33RA, and TLR/CD33DEL cells, respectively, were obtained on G418 selection.
Preparation of Immature Dendritic Cells (imDCs)-Peripheral blood mononuclear cells were obtained from the buffy coat of a healthy donor by Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation. Peripheral blood monocytes were isolated from the peripheral blood mononuclear cells by using MACS human CD14 MicroBeads (Miltenyi Biotec). Preparation of monocyte-derived dendritic cells was performed according to the method of Chen et al. (19) .
Flow Cytometry-Expression of TLR4, CD14, and CD33 was examined by flow cytometry as follows. TLR, TLR/CD33WT, TLR/CD33RA, and TLR/CD33DEL cells were treated with FITC-labeled mouse anti-CD33 mAb (BD Biosciences) or isotype control mouse IgG1 (eBioscience) and with PE-labeled mouse anti-CD14 mAb (BD Biosciences) or isotype control mouse IgG2b (eBioscience) to detect CD33 and CD14, respectively. Expression of TLR4 was analyzed after successive treatment with mouse anti-TLR4 mAb (Imgenex) and FITC-labeled rabbit anti-mouse IgG (HϩL) (Invitrogen). A control experiment was performed using isotype-matched mouse IgG as the primary antibody. The cells were analyzed with a BD FACSCalibur flow cytometer (BD Biosciences).
ELISA-imDCs induced from monocytes (1.5 ϫ 10 5 cells) were treated successively with anti-CD33 mAb (1 g/ml) or mouse isotype IgG and rabbit anti-mouse IgG F(abЈ) 2 (0.5 g/ml) (Millipore) and then cultured in the presence of LPS (1 g/ml), zymosan A (50 g/ml), flagellin (0.1 g/ml), or Pam3CSK4 (0.1 g/ml) for 20 h. The culture supernatant was collected, and the level of IL-12p70 was determined with ELISA kits (eBioscience).
Binding Assay-Recombinant CD14 (500 ng) was coated onto a Nunc MaxiSorp immunoplate (Thermo Fisher Scientific). After blocking of the plate with 3% BSA, it was treated with or without 10 milliunits of neuraminidase (Arthrobacter ureafaciens, Nakalai Tesque) in 50 mM sodium acetate buffer (pH 5.0) at 37°C for 20 h. After washing with 0.15 mM sodium phosphate buffer (pH 7.2) containing 0.2 M NaCl and 0.05% Tween 20, recombinant CD33-Fc was added to the plate. After incubation for 2 h, bound CD33-Fc was detected with HRPconjugated protein A (Invitrogen). The enzyme reaction was performed with a TMB peroxidase substrate (Nacalai Tesque Inc.), and the absorbance at 450 nm was determined.
Analysis of Interaction between CD33 and CD14 Using Crosslinking Reagent-TLR/CD33WT cells (3 ϫ 10 6 cells) and imDCs (1 ϫ 10 7 cells) were treated with 1 mM DTSSP for 1 h at 4°C. In some cases, the residual primary amino groups were further conjugated with sulfo-NHS-biotin (0.1 mg/ml) for another 1 h at 4°C. The cells were washed with PBS containing 50 mM glycine and then lysed with cell lysis buffer (20 mM TrisHCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, protease inhibitor mixture). Anti-CD33 mAb, anti-CD14 mAb, or mouse isotype IgG1 and protein G-Sepharose were successively added to the cell lysate. The immunoprecipitated CD33 or CD14 and linked proteins, after cleavage of disulfide bonds, were subjected to SDS-PAGE, followed by transfer to a PVDF membrane. The membrane was treated with mouse anti-CD33 mAb, rabbit anti-TLR4 Ab, or rabbit anti-CD14 Ab overnight at 4°C. After washing with PBS containing 0.05% Tween 20, the membrane was treated with HRP-conjugated goat anti-mouse IgG Ab or anti-rabbit IgG Ab (Invitrogen), followed by detection with a ECL Plus Western Blotting Detection System (GE Healthcare) and analysis with a Lumino Image Analyzer LAS-4000 plus. When the effect of LPS on co-localization of CD14 with CD33 was examined, TLR/CD33WT cells (3 ϫ 10 6 cells) were stimulated with LPS (1 g/ml) at 37°C for 10 min, and CD14 cross-linked with CD33 was detected as described above. When BS 3 was used, TLR/CD33WT and TLR/CD33RA (3 ϫ 10 6 cells) were treated with 1 mM BS 3 for 1 h at 4°C. The cell lysates were prepared and subjected to SDS-PAGE, followed by Western blotting and detection with rabbit anti-CD14 Ab as described above.
Distribution of CD33 and CD14 on the Surface of imDCs and Detection of Close Proximity of CD33 and CD14 -After fixation of imDCs with PBS containing 4% paraformaldehyde, imDCs were treated with mouse anti-CD33 mAb and rabbit anti-CD14 Ab or mouse IgG 1 and rabbit IgG as a control antibody, respectively, at 4°C for 2 h. After washing with PBS, the cells were stained with Alexa Fluor 488-labeled goat anti-mouse IgG Ab (Molecular Probes), Alexa Fluor 549-labeled goat anti-rabbit IgG Ab (Molecular Probes), and propidium iodide and then observed under a confocal fluorescein microscope (DM5500B, Leica Microsystems).
To visually detect the close proximity of CD33 and CD14 on the cell surface, imDCs seeded on a Lab-Tek II CC 2 Chamber Slide TM (Thermo Fisher Scientific) were stained by using the Duolink in situ proximity ligation assay (PLA) system (Olink Bioscience) according to the manufacturer's instructions. Briefly, after fixing the cells with 4% paraformaldehyde in PBS for 20 min at room temperature, the imDCs were treated with mouse anti-CD33 mAb and rabbit anti-CD14 Ab as described above. The close proximity of oligonucleotide-ligated secondary antibodies, Duolink PLA probe anti-mouse MINUS and anti-rabbit PLUS, allowed rolling circle amplification. The rolling circle amplification products were hybridized with fluorescently labeled probes, Detection Reagents Orange. The cells were mounted with Duolink II Mounting Medium with DAPI, and then PLA spots representing co-localization of CD33 and CD14 were observed as described above.
Phosphorylation of CD33 and Recruitment of SHP-1 on Ligation of TLR4 with LPS in TLR/CD33WT Cells-TLR/CD33WT
cells (1 ϫ 10 6 cells) were treated with LPS (1 g/ml) for 0 -10 min and then with 0.1 mM pervanadate for 10 min on ice. After washing with PBS, cell lysates were prepared as described above. CD33 was immunoprecipitated with anti-CD33 mAb, and the immunoprecipitates were subjected to SDS-PAGE and Western blotting. CD33, phosphotyrosine, and coimmunoprecipitated SHP-1 on the membrane were detected with anti-CD33 mAb, mouse anti-phosphotyrosine Ab (Santa Cruz Biotechnology, Inc.), and rabbit anti-SHP-1 mAb (Santa Cruz Biotechnology, Inc.), respectively, and analyzed as described above. The intensities of the bands were determined with ImageJ software.
Estimation of Biotin-labeled LPS Bound to the Cell Surface, TLR4, and CD14 and Internalized by the Cells-TLR, TLR/ CD33WT, and TLR/CD33RA cells (1 ϫ 10 7 cells) were incubated with 3 g of biotin-labeled LPS (InvivoGen) at 4°C for 60 min. After washing with PBS, the cells were lysed, and then biotin-labeled LPS was pulled down from the lysate with streptavidin-Sepharose. The precipitated LPS was subjected to SDS-PAGE, followed by Western blotting and detection with HRP-streptavidin. Internalized LPS was determined as follows. The three types of cells (1 ϫ 10 7 cells) as described above were incubated with 3 g of biotin-labeled LPS at 37°C for 60 min. To remove cell surface-bound LPS, the cells were incubated with 100 g of proteinase K in PBS on ice for 30 min, followed by washing and lysis. Internalized LPS was pulled down from the lysate with streptavidin-Sepharose and analyzed as described above.
Biotin-labeled LPS bound to TLR4 and CD14 was determined as follows. The three types of cells (5 ϫ 10 7 cells) as described above were incubated with 5 g of biotin-labeled LPS at 4°C for 60 min and, after washing with cold PBS, further incubated at 37°C for 30 min. After washing with PBS, cell lysates were prepared, and TLR4 and CD14 were immunoprecipitated as described above. Coimmunoprecipitated LPS was estimated as described above.
Analysis of Signal Transduction-TLR cells (1.5 ϫ 10 5 cells) were stimulated with various amounts of LPS for 45 min at 37°C or with LPS (0.01 g/ml) for various times at 37°C. TLR/ CD33WT, TLR/CD33RA, and TLR/CD33DEL cells were stimulated with LPS (0.01 g/ml) for 45 min at 37°C. imDCs (5 ϫ 10 5 cells) were treated successively with anti-CD33 mAb (1 g/ml) or mouse isotype IgG (R&D Systems Inc.) and rabbit anti-mouse IgG F(abЈ) 2 (0.1 g/ml) and then cultured in the presence of LPS (0.1 g/ml) for 60 min at 37°C. The cells were lysed with cell lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, phosphatase inhibitor, and protease inhibitor mixture). Each cell lysate was subjected to SDS-PAGE, followed by transfer to a PVDF membrane. The membrane was treated with rabbit anti-phospho-NF-B p65 (Ser-536) mAb or rabbit anti-NF-B p65 Ab (Cell Signaling Technology). After washing with PBS containing 0.05% Tween 20, the membrane was treated with HRP-conjugated goat antirabbit IgG (Invitrogen), followed by detection with ChemiLumi One L (Nacalai Tesque Inc.) and analysis with a Lumino Image Analyzer LAS-4000 Plus. The intensities of the bands were determined with ImageJ software.
Treatment of Cells with Neuraminidase-TLR/CD33WT cells (1 ϫ 10 6 cells) were treated with 50 milliunits of neuraminidase (A. ureafaciens, Nacalai Tesque) in serum-free RPMI1640 medium at 37°C for 1 h.
Statistical Analysis-All discrete values, expressed as mean Ϯ S.D., were analyzed using Student's t test. p values of Ͻ0.05 were considered significant.
RESULTS AND DISCUSSION

Effects of Anti-CD33 mAb on Production of IL-12 and Phosphorylation of NF-B in imDCs-imDCs
were treated with anti-CD33 mAb and then cultured in the presence of LPS for 20 h as described under "Experimental Procedures." The level of IL-12p70 in the culture supernatant was determined by ELISA. About 40% of IL-12 production was decreased by the treatment with anti-CD33 mAb (Fig. 1A) . To evaluate the effects of anti-CD33 mAb on downstream events, the level of phosphorylated NF-B was also determined. imDCs were treated similarly for 60 min as described above, and then the cell lysates were subjected to SDS-PAGE, followed by Western blotting. The level of phosphorylated NF-B clearly decreased (Fig. 1B) , suggesting that CD33 could be involved in negative regulation of TLR4-mediated signaling in the activation pathway. To determine whether or not anti-CD33 mAb also has effects on TLR2/6, TLR1/2, and TLR5-related events, imDCs were stimulated with zymosan A, Pam3CSK4, and flagellin, respectively, in the presence of anti-CD33 mAb or control Ab and cultured for 20 h. The level of IL-12p70 in the culture supernatant was determined by ELISA. Treatment with anti-CD33 mAb had no substantial effect on the production of IL-12 through TLR2/6-and TLR1/2-mediated signaling (Fig. 1C) . IL-12 was not detectable in the supernatant of imDCs treated with flagellin. These results suggest that CD33 may be specifically relevant to the regulation of TLR4-mediated signaling. Because many siglecs, including CD33, possess ITIM in their cytoplasmic domains, generally, they down-regulate the signaling through ligation with a receptor carrying a cis ligand. Thus, it is important to find a cis ligand for CD33.
Detection of an Endogenous cis Ligand for CD33 and Distribution of CD33 and CD14 on the Surface of imDCs-To detect
a cis ligand present in close proximity to CD33, the cell surface proteins of imDCs were cross-linked chemically with DTSSP as described under "Experimental Procedures." The LPS receptor complex consists of at least three proteins, CD14, TLR4, and MD-2. They are all glycoproteins and have four, nine, and two N-glycosylation sites, respectively (20) . Thus, there is a possibility that CD33 may bind to these molecules. The immunoprecipitates prepared from the lysate with anti-CD33 mAb and a part of the lysate were subjected to SDS-PAGE under reducing conditions, followed by Western blotting and detection with antibodies against membrane proteins of the LPS receptor complex. Interestingly, a band corresponding to CD14 but not that corresponding to TLR4 was detected in the immunoprecipitate with anti-CD33 mAb (Fig. 2A, lanes a and d) , suggesting the co-localization of CD14 with CD33. Thus, we observed immunochemically the distribution of CD33 and CD14 on the surface of imDCs. The distribution of CD14 and CD33 was not uniform but was patchy on the cell surface. A small part of CD14 molecules seemed to be co-localized with CD33 (Fig. 2B) . Furthermore, putative interaction of the molecules stained with a pair of anti-CD14 and anti-CD33 mAbs was assessed using Duolink technology as described under "Experimental Procedures." A significant number of spots were observed on the surface of imDCs compared with a control experiment (Fig.  2C) , this being indicative of their molecular proximity. In addition, to estimate CD14 molecules co-localized with CD33, the intensities of the bands of CD14 cross-linked with CD33 ( Fig.  2A, lane a) and contained in the cell lysates (Fig. 2A, lane c) on the blotted membrane were determined, and the values were converted into those in the total cell lysates. CD14 cross-linked with CD33 was estimated to comprise ϳ2% of total CD14 molecules. Whether or not this level of CD14 molecules co-localized with CD33 has some effect on TLR4-mediated signaling is discussed below. To further examine the interaction of CD33 and CD14, CD33 cDNA was introduced into TLR4-, CD14-, and MD-2-expressing HEK293T cells (TLR cells), and stable transfectants (TLR/CD33WT and TLR/CD33RA cells) were established as described under "Experimental Procedures."
Expression of TLR4, CD14, and CD33 was confirmed by flow cytometry (Fig. 3A) . TLR/CD33WT cells were treated similarly with DTSSP, and the immunoprecipitate with anti-CD33 mAb was prepared from the cell lysate as described above. A band corresponding to CD14 was detected in both the immunoprecipitate with anti-CD33 mAb (Fig. 3B, lane a) and the lysate (Fig. 3B, lane c) , whereas TLR4 was not detected in the immunoprecipitate with anti-CD33 mAb (Fig. 3C, lane a) . In a reciprocal experiment, CD33 was detected in the immunoprecipitate with anti-CD14 mAb (Fig. 3D, lane a) . Furthermore, we examined cell surface proteins cross-linked with CD33. After cross-linking, the cell surface proteins were successively treated with sulfo-NHS-biotin, and the immunoprecipitate with anti-CD33 mAb was subjected to SDS-PAGE under reducing conditions, followed by Western blotting and detection with HRPconjugated streptavidin. As shown in Fig. 3E (lane a) , the major cross-linked proteins were CD14 and CD33 itself. In addition, a band corresponding to MD-2 (ϳ25 kDa) was not detected for 5 cells) were treated with anti-CD33 mAb as described under "Experimental Procedures" and stimulated with LPS (1 g/ml) for 60 min, and then the cell lysate was subjected to SDS-PAGE, followed by blotting onto a PVDF membrane. Phosphorylated NF-B and total NF-B were determined as described under "Experimental Procedures." The intensities of the bands were determined with ImageJ software and normalized as to the level detected in the experiment performed using a mouse control isotype Ab (mean Ϯ S.D., n ϭ 3; *, p Ͻ 0.05). C, imDCs induced from monocytes (1.5 ϫ 10 5 cells) were stimulated with zymosan A and Pam3CSK4 in the presence of anti-CD33 mAb or control Ab and cultured for 20 h as described under "Experimental Procedures." The culture supernatant was collected, and the level of IL-12 was determined with an ELISA kit. The relative amount of IL-12 was determined and normalized as to the level detected in the experiment performed in the presence of control Ab (mean Ϯ S.D., n ϭ 3).
the immunoprecipitate with anti-CD33 mAb (Fig. 3E, lane a) . These results indicate that CD33 is present in close proximity to CD14 and is almost exclusively associated with CD14 except for CD33 itself. We also performed a similar experiment using TLR/CD33RA cells. However, quantitative data were not obtained, probably due to the different reactivities of anti-CD33 mAb to wild-type and mutated CD33 on the blotted membrane (data not shown). Thus, we performed a similar experiment to examine the close association of CD33 with CD14 using a different cross-linker, BS 3 , which does not include a disulfide bond, unlike DTSSP. After treatment of TLR/CD33WT and TLR/CD33RA cells with BS 3 as described under "Experimental Procedures," the cell lysates were subjected to SDS-PAGE, followed by Western blotting and detection with anti-CD14 antibodies. As shown in Fig. 3 , F and G, a higher level of non-cross-linked CD14 with a molecular mass of about 50 kDa was detected in TLR/CD33RA cells compared with that in TLR/CD33WT cells, suggesting that the Arg residue of CD33 is relevant to the close association with CD14. In addition, to examine whether or not stimulation by LPS has an effect on the co-localization of CD14 with CD33, TLR/ CD33WT cells were incubated in the presence or absence of LPS at 37°C for 10 min, and the same experiment as described above was performed (Fig. 3H) . It should be noted that CD14 cross-linked with CD33 significantly increased (about 3-fold) with the stimulation by LPS, suggesting that CD33 may be closely associated with CD14 in the process of signaling (Fig.  3H, lanes a and b) . Even if only a small part of CD14 molecules is co-localized with CD33, close association of CD14 with CD33 may play a critical role in the regulation of TLR4-mediated signaling. This finding is interesting, and the details are currently under investigation. 7 cells) were treated with 1 mM DTSSP for 1 h at 4°C. The immunoprecipitate (IP) prepared from the cell lysate with mouse anti-CD33 mAb or control isotype IgG and a part of the lysate were subjected to SDS-PAGE under reducing conditions, followed by Western blotting (IB) and detection with rabbit anti-CD14 Ab or rabbit anti-TLR4 Ab. Arrowhead and arrow, CD14 and TLR4, respectively. B, imDCs induced from monocytes (1.5 ϫ 10 5 cells) were fixed with 4% paraformaldehyde for 20 min. The distribution of CD33 and CD14 was examined using the combinations of mouse anti-CD33 mAb and Alexa Fluor 488-labeled goat anti-mouse IgG Ab (b) and rabbit anti-CD14 Ab and Alexa Fluor 549-labeled goat anti-rabbit IgG Ab (c), respectively, merged images being shown in d. The area outlined by a square in d was magnified, as shown in e. Nuclei were stained with DAPI (a and f). Control experiments were performed using Alexa Fluor 488-labeled goat anti-mouse IgG Ab (g) and Alexa Fluor 549-labeled goat anti-rabbit IgG Ab (h) without primary antibodies, merged images being shown in i. The cells were observed under a confocal microscope (bar, 10 m). C, imDCs induced from monocytes (4 ϫ 10 4 cells) were treated as described above. The putative interaction of CD33 and CD14 stained with a pair of antibodies was assessed using Duolink technology as described under "Experimental Procedures." Red spots indicate molecular proximity and are indicative of molecular interactions. Nuclei were stained with DAPI. The cells were observed under a confocal microscope.
It is well known that imDCs express various siglecs, including CD33. The interaction of CD14 with other siglecs, such as Siglec-5, -7, and -9, was also examined using a cross-linker, DTSSP, as described above. No siglecs other than CD33 could be cross-linked with CD14 (data not shown). Thus, it seems unlikely that CD33 was recovered incidentally in detergent micelles, including CD14.
Effect of CD33 on TLR4-mediated NF-B PhosphorylationThe phosphorylation of NF-B, which is a downstream event in TLR4-mediated signaling, was evaluated in TLR, TLR/ CD33WT, and TLR/CD33RA cells after stimulation with LPS. TLR cells were stimulated with various amounts of LPS for 45 min, and then the cell lysates were subjected to SDS-PAGE, followed by Western blotting. NF-B was phosphorylated with a low amount of LPS (0.01 g/ml) in TLR cells, and the phosphorylation reached the maximum level at 30 min after treatment (Fig. 4A) . TLR/CD33WT and TLR/CD33RA cells were stimulated with LPS (0.01 g/ml) for 45 min, and phosphorylated NF-B was detected as described above. As shown in Fig.  4 , B and C, the phosphorylation of NF-B was clearly downmodulated in TLR/CD33WT cells, whereas the down-modulating activity toward TLR4-mediated signaling was decreased by mutation of the sialic acid-binding site. The level of NF-B phosphorylation in TLR/CD33RA cells corresponded to that in TLR cells. These results indicate that sialic acid-binding activity is essential for negative regulation of TLR4-mediated signaling.
Interaction of CD14 with CD33-To confirm the interaction of CD14 with CD33, a plate assay was performed. Recombinant CD14 was coated onto a plate, and then the binding of recombinant soluble CD33 was determined before or after treatment of the CD14-coated plate with neuraminidase. We confirmed that immobilized CD14 was hardly detached from the well by the neuraminidase treatment (data not shown). As shown in Fig. 5A , CD33 bound to CD14 and neuraminidase treatment abolished the binding activity, indicating that CD33 bound to CD14 through its sialylated carbohydrate chain. These results 6 cells), the same procedure as in Fig. 2A was performed. After Western blotting, CD14 was detected with anti-CD14 Ab. Arrow, CD14. C, the same procedure was performed as in B, and after Western blotting, TLR4 was detected. Arrow, TLR4. D, from the cell lysate treated as described in B, the immunoprecipitate obtained with anti-CD14 Ab or control isotype IgG and a part of the lysate were subjected to SDS-PAGE, followed by Western blotting and detection with anti-CD33 mAb. Arrow, CD33. E, after treatment of TLR/CD33WT cells with 1 mM DTSSP and then with sulfo-NHS-biotin (0.1 mg/ml), the same procedure as in Fig. 2B was performed, and biotin-labeled proteins were detected with HRP-conjugated streptavidin. F, TLR/CD33WT and TLR/CD33RA cells (3 ϫ 10 6 cells) were treated with 1 mM BS 3 at 4°C for 1 h. The cell lysate was subjected to SDS-PAGE, followed by Western blotting and detection with rabbit anti-CD14 Ab. G, the histograms show the relative intensities of CD14 in F. The value for the experiment performed using TLR/CD33WT cells was taken as 1 (mean Ϯ S.D. (error bars), n ϭ 3; *, p Ͻ 0.05). H, TLR/CD33WT cells (3 ϫ 10 6 cells) were treated with or without LPS (1 g/ml) at 37°C for 10 min, and CD14 cross-linked with CD33 was detected as described above. Arrow, CD14. IP, immunoprecipitation; IB, immunoblotting.
suggest that CD33 is not incidentally co-localized with CD14 but ligated with the sialylated carbohydrate chain of CD14. To further demonstrate that sialic acid residues are relevant to the regulation of TLR4-mediated signaling, the phosphorylation of NF-B in TLR/CD33WT cells treated with or without neuraminidase was examined after stimulation with LPS. TLR/ CD33WT cells were treated with neuraminidase, and the partial removal of sialic acid residues from the cell surface was confirmed by the decreased binding of sialic acid-binding lectins to the cell surface (data not shown). As shown in Fig. 5, B and C, the level of phosphorylated NF-B was elevated by the treatment with neuraminidase, this being consistent with the fact that sialic acid residues are relevant to the regulation of TLR4-mediated signaling. As described above, imDCs express some siglecs, including CD33. These CD33-related siglecs exhibit similar sugar-binding specificities. The reason why CD33 selectively cross-linked with CD14 is unclear at present. We speculate that the sialic acid-binding domain of CD33 may be spatially fitted to the sites of sialic acid residues borne on CD14. CD33 is the smallest member of the siglec family and possesses two Ig-like extracellular domains, the other CD33-related siglecs such as Siglec-5, -7, and -9 having more than three Ig-like extracellular domains.
Analyses of CD33-ITIM-related Events on Ligation of TLR4 with LPS-Because it has been reported that, upon stimulation with LPS, the redistribution of TLR4 to the lipid rafts occurs (21), we speculated that there might be a similar relationship between TLR4 and siglecs to that between CD22 and the B cell receptor. It is generally agreed that when the B cell receptor is ligated with an antigen, the B cell receptor and CD22 are translocated to lipid rafts, phosphorylation is catalyzed by Lyn localized in the lipid rafts, and SHP-1/2 is recruited to the phosphorylated ITIM of CD22, leading to negative regulation of B cell receptor-mediated signaling (22) . Thus, we examined the phosphorylation of CD33 and recruitment of SHP-1 to CD33 following ligation of LPS in TLR/CD33WT cells. TLR/CD33WT cells were stimulated with LPS, and the immunoprecipitates prepared from the cell lysates with anti-CD33 mAb were subjected to SDS-PAGE, followed by Western blotting. Phosphorylation of CD33 and subsequent recruitment of SHP-1 were slightly elevated in TLR/CD33 cells in response to LPS (Fig. 6, A-C ), but these results were not statistically significant. To examine further whether or not the ITIM of CD33 is related with the down-modulation of TLR4-mediated signaling, we also prepared cells expressing ITIM-deleted CD33 (TLR/CD33DEL) as described under "Experimental Procedures." TLR/CD33DEL cells were stimulated with LPS, and then the level of phosphorylated NF-B was compared with that in TLR and TLR/ CD33WT cells. Expression of CD33 on the surface of TLR/ CD33DEL cells was confirmed by flow cytometry (Fig. 6D) . Although the level of phosphorylated NF-B in TLR/CD33DEL cells was higher than that in TLR-4/CD33WT cells, it was moderately inhibited, this being consistent with the finding that the carbohydrate-binding domain of CD33 plays an important role in the regulation of TLR4-mediated signaling (Fig. 6, E and F) . These results suggest that ITIM-related events of CD33 may have little effect, if any, on the TLR4-mediated signaling. Next, we speculated about the possibility that the interaction of CD33 with CD14 may affect the binding and/or uptake of LPS.
Effect of CD33 on Binding of LPS to CD14 and TLR4 -CD14 has been found to be the major receptor for LPS (23, 24) . Binding of LPS to the surface of TLR, TLR/CD33WT, and TLR/ CD33RA cells was examined using fluorescence-labeled LPS by flow cytometry. The level of bound LPS did not change irrespective of the expression of either the wild-type or mutated CD33 (data not shown). Furthermore, binding of biotin-labeled LPS to the cell surface and its uptake into the cell were compared among these cells. First, TLR, TLR/CD33WT, and TLR/ CD33RA cells were incubated with biotin-labeled LPS at 4°C for 60 min. After extensive washing with cold PBS, the cells were lysed. LPS was pulled down with streptavidin-Sepharose 5 cells) were stimulated with various amounts of LPS for various times, and then the level of NF-B phosphorylation was determined as described in the legend to Fig. 1B . B, TLR, TLR/CD33WT, and TLR/CD33RA cells (1.5 ϫ 10 5 cells) were treated with LPS (0.01 g/ml) at 37°C for 45 min, and then NF-B was analyzed as described in the legend to Fig. 1B . C, the data in B were analyzed as described in the legend to 6 cells) treated with or without neuraminidase as described under "Experimental Procedures" were stimulated with LPS, and then the phosphorylation of NF-B was examined as described in the legend to Fig. 1B . C, the histograms show the relative intensities of phosphorylated NF-B in B. The value for the experiment performed using TLR/CD33WT cells treated without neuraminidase was taken as 1 (mean Ϯ S.D., n ϭ 3; *, p Ͻ 0.05).
from the lysate and then subjected to SDS-PAGE, followed by Western blotting and detection with HRP-streptavidin. Similar levels of LPS bound to the three types of cells (Fig. 7A) , this being consistent with the results of flow cytometry as described above. Next, these cells were incubated with biotin-labeled LPS at 37°C for 60 min and then treated with protease K to remove LPS bound to the cell surface proteins. Intracellular LPS was determined as described above. The uptake of LPS was significantly decreased in TLR/CD33WT cells compared within TLR and TLR/CD33RA cells (Fig. 7B) . With respect to the function of CD14, Zanoni et al. (25) demonstrated that CD14 controls the LPS-induced endocytosis of TLR4. During the process of the internalization of LPS, CD14 is known to chaperone LPS to the TLR4⅐MD-2 signaling complex (5, 26, 27) . Next, we examined the possibility that the presentation of LPS by CD14 may be affected by the interaction of CD14 with CD33. Thus, these cells were treated with LPS at 4°C for 60 min and then incubated at 37°C for 30 min. From the cell lysates, CD14 and TLR4 were immunoprecipitated. LPS coimmunoprecipitated with CD14 or TLR4 was detected by SDS-PAGE and Western blotting. An about 1.8-fold amount of LPS was associated with CD14 in TLR/CD33WT cells compared with in TLR cells, whereas the level of CD14-bound LPS in TLR/CD33RA cells was similar to that in TLR cells. In contrast, a significantly lower level of TLR4-bound LPS was detected in TLR/CD33WT cells compared with in TLR cells (Fig. 7C) . These results suggest that the interaction of CD14 with CD33 may regulate the presentation of LPS from CD14 to TLR4. As described above, B cell receptor-mediated signaling is down-regulated by directly associated CD22 (28) . In contrast, it was CD14 but not TLR4 that was directly associated with CD33 in imDCs, unlike the relation between the B cell receptor and CD22, suggesting a different inhibitory mechanism. It has been reported that danger-associated molecular patterns, which are intracellular components, such as HMGB1 (high mobility group box 1), induce TLR-dependent inflammatory responses (29, 30) . Recently, Chen et al. (31) demonstrated that CD24, a glycosylphosphatidylinositol-anchored protein like CD14, was identified as a receptor for HMGB1 and that Siglec-10 bound to CD24. Siglec-10 down-modulated NF-B activation triggered by ligation with HMGB1 (31) . Although the precise role of Siglec-10 in the down-regulation of the signaling has not been elucidated yet, a similar type of complex, CD14/CD33 and CD24/Siglec-10, may play an important role in the down-regulation of TLRmediated signaling after ligation with LPS and HMGB1, respectively. Taken together, we postulate a novel model for regulation of TLR4-mediated signaling (Fig. 8) , in which CD33 plays an essential role through its direct association with CD14 but not with TLR4. In this context, sialylation or desialylation on the cell surface glycoconjugates could potentially regulate the functional glycoprotein receptors. With respect to carbohydrate moieties expressed in DCs, Bax et al. (32) reported that the expression of sialic acid is up-regulated during maturation, this being correlated with the increased binding of some siglecs. This change may facilitate the binding of CD33 to CD14, thereby leading to stronger down-modulation of TLR4-mediated signaling in mature DCs. On the other hand, endogenous sialidase activity increases in cells of the 6 cells) were stimulated with LPS (1 g/ml) at 37°C for 0 -10 min. CD33 was immunoprecipitated from the cell lysates and subjected to SDS-PAGE, followed by Western blotting. CD33, phosphotyrosine (p-Tyr), and SHP-1 were detected as described under "Experimental Procedures." B and C, the intensities of the bands in A were determined as described under "Experimental Procedures." The histograms show the relative intensities of phospho-Tyr/CD33 (B) and SHP-1/CD33 (C). The value for the experiment performed without LPS stimulation (0 min) was taken as 1. D, expression of CD33 in TLR/CD33DEL cells was analyzed by flow cytometry as described under "Experimental Procedures." E, TLR4-mediated NF-B phosphorylation was determined in TLR, TLR/CD33WT, and TLR/CD33DEL cells as described in Fig. 1B . F, the histograms show the relative intensities of phosphorylated NF-B in E. The value for the experiment performed using TLR cells was taken as 1 (mean Ϯ S.D. (error bars), n ϭ 3; *, p Ͻ 0.05). FIGURE 8. A novel model of negative regulation of TLR4-mediated signaling by CD33. We postulate a novel model in which CD33 plays a role in negative regulation of TLR4-mediated signaling. CD33 binds to the sialylated carbohydrate chain of CD14 on the surface of imDCs. CD33 may be present with CD14 in an LPS receptor complex and give rise to negative regulation of TLR4-mediated signaling, probably by regulating the presenting process of LPS from CD14 to TLR4. 7 cells) were incubated with 3 g of biotin-labeled LPS at 4°C for 60 min. After washing, biotin-labeled LPS bound on the cell surface was precipitated from cell lysates with streptavidinSepharose and then subjected to SDS-PAGE, followed by Western blotting and detection with HRP-streptavidin. The intensities of the bands were determined as described in the legend to Fig. 1B and normalized as to the level detected in the experiment performed using TLR cells (mean Ϯ S.D. (error bars), n ϭ 3). B, TLR, TLR/CD33WT, and TLR/CD33RA cells (1 ϫ 10 7 cells) were incubated with 3 g of biotin-labeled LPS at 37°C for 60 min. After washing, the cells were treated with 100 g of proteinase K on ice for 30 min. Internalized LPS was obtained and analyzed as described in A. The intensities of the bands were determined and normalized as to the level detected in the experiment performed using TLR cells as in A (mean Ϯ S.D., n ϭ 3; *, p Ͻ 0.05). C, TLR, TLR/CD33WT, and TLR/CD33RA cells (5 ϫ 10 7 cells) were incubated with 5 g of biotin-labeled LPS at 4°C for 60 min. After washing and subsequent incubation at 37°C for 30 min, the cells were lysed, and CD14 and TLR4 were immunoprecipitated prepared from the cell lysates. The precipitates were subjected to SDS-PAGE, and coimmunoprecipitated biotin-labeled LPS was detected as described in A. The relative intensities of the bands (LPS/CD14 and LPS/TLR4) were determined and were normalized as to the level obtained in the experiment performed using TLR cells (mean Ϯ S.D., n ϭ 3; *, p Ͻ 0.05).
